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Mechanistic Insight into Nanoparticle Surface Adsorption by Solution
NMR Spectroscopy in an Aqueous Gel
Abstract
Engineering nanoparticle (NP) functions at the molecular level requires a detailed understanding of the
dynamic processes occurring at the NP surface. Herein we show that a combination of dark‐state exchange
saturation transfer (DEST) and relaxation dispersion (RD) NMR experiments on gel‐stabilized NP samples
enables the accurate determination of the kinetics and thermodynamics of adsorption. We used the former
approach to describe the interaction of cholic acid (CA) and phenol (PhOH) with ceria NPs with a diameter
of approximately 200 nm. Whereas CA formed weak interactions with the NPs, PhOH was tightly bound to
the NP surface. Interestingly, we found that the adsorption of PhOH proceeds via an intermediate, weakly
bound state in which the small molecule has residual degrees of rotational diffusion. We believe the use of
aqueous gels for stabilizing NP samples will increase the applicability of solution NMR methods to the
characterization of nanomaterials.
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(a) Experimental 1H-DEST profiles measured at saturation fields of 150 (red) and 300 (black) Hz for two 
different preparations of the NMR sample containing 10 mM Ph, 1 wt % ceria and 1 wt % agarose. Data from 
sample 1 are shown as open circles. Data from sample 2 are shown as open triangles.Mechanistic 
Insights into Nanoparticle Surface Adsorption by Solution NMR 
Spectroscopy in an Aqueous Gel 
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Abstract: Engineering nanoparticle (NP) functions at molecular level 
requires a detailed understanding of the dynamic processes 
occurring at the NP surface. Here we show that the combined 
analysis of Dark state Exchange Saturation Transfer (DEST) and 
Relaxation Dispersion (RD) NMR experiments acquired on gel-
stabilized samples of NP allows for accurate determination of the 
kinetics and thermodynamics of adsorption. We used the former 
approach to describe the interaction of cholic acid (CA) and phenol 
(PhOH) with ~200 nm ceria NP. We show that, while CA forms weak 
interactions with the NP, PhOH is tightly bound to the NP surface. 
Interestingly, we found that adsorption of PhOH proceeds through an 
intermediate, weakly bound state in which the small molecule has 
residual degrees of rotational diffusion. We believe the use of 
aqueous gels for stabilizing NP samples will increase the 
applicability of solution NMR methods to characterization of 
nanomaterials. 
Nanoparticles (NP’s) are central to several areas of nanoscience 
including optoelectronics,[1] sensing,[2] medicine,[3] and 
catalysis.[4] NP’s are usually made by inorganic and/or organic 
materials and owe some of their unique properties to their high 
surface area to volume ratio that maximizes the probability of 
constructive encounters with their target ligands. As such, the 
final properties and ultimate application of a NP depend on its 
surface composition and morphology. Capping agents can be 
applied to the surface of a NP to increase its solubility and direct 
its targeting.[5] Surface functionalization with enzymes or other 
catalysts can be used to produce NP’s for industrial or 
therapeutic applications.[6] Therefore, elucidating the interactions 
occurring at the NP surface is crucial to understand and 
engineer its function at molecular level.  
Although Solid State NMR methods are routinely employed to 
gain structural insights into small molecule/NP systems,[7] kinetic 
and thermodynamic aspects of the interaction (i.e. rate 
constants and populations for the adsorption/desorption 
equilibrium) are difficult to obtain by such techniques. Thus, 
there is a critical need to develop new strategies to gain 
mechanistic insights into the processes occurring at the NP 
surface. Several solution NMR techniques have been developed 
to probe and characterize interactions between small, NMR-
visible molecules and large, NMR-invisible systems. Among 
these, Dark state Exchange Saturation Transfer (DEST),[8] and 
Relaxation Dispersion (RD)[9] experiments are particularly 
attractive because they can provide kinetic, thermodynamic, 
structural, and dynamic information on the interaction.[10] The 
combined analysis of DEST and RD data acquired at multiple 
saturation field strengths (for DEST) and spectrometer 
frequencies (for RD) has been recently used to provide 
fundamental insights into the binding of small proteins to large 
molecular machines,[11] aggregates,[8a, 12], biological 
membranes[13] or nanoparticles.[14] When using these 
techniques, two conditions must apply in order to accurately 
detect and characterize the interaction: 1) the NMR-visible 
molecule has to exchange between the free and bound states 
on the µs-s timescale, and 2) the NMR-visible and NMR-invisible 
molecules have to stay homogeneously suspended in the NMR 
sample throughout the NMR data acquisition period.[10] While the 
first condition is often satisfied by NP-small molecule 
interactions, obtaining NP suspensions that remain stable and 
homogeneous for several hours is often a challenge that limits 
the applicability of solution NMR methods to the characterization 
of NP’s.  
Here, we show that a 1 wt % agarose gel can be employed to 
prevent NP sedimentation and enable NMR characterization of 
adsorption/desorption kinetics of NMR-visible ligands to the 
surface of NMR-invisible NP’s. The ability of agarose to provide 
a chemical inert matrix for studying ligand adsorption is tested 
by investigating the interaction between cerium oxide (ceria) 
NP’s and two small molecules with different size and chemical 
properties: phenol (PhOH) and cholic acid (CA) (Supporting 
Information, SI, Figure S1). The study was conducted using 
NP’s of cubic morphology and ~200 nm in size (SI, Figure S2). 
Ceria NP’s were recently shown to actively participate in the Pd 
catalyzed hydrogenation of PhOH by 1) co-adsorbing the small 
molecule and the metal on the NP surface, 2) activating the 
PhOH molecule for the hydrogenation reaction, and 3) possibly 
participating in the electron transfer process during catalysis.[6b]  
Addition of 1 wt % ceria to 10 mM PhOH or CA resulted in 
extensive line-broadening of the NMR resonances of the small 
molecules (Figure 1b), indicating that PhOH and CA interact with 
ceria and exchange between a free and NP-bound state. 
However, sedimentation of ceria caused a progressive reduction 
of the amount of NP in the NMR active volume (Figure 1a). This 
local change in the small molecule/NP ratio effectively reduces 
the fraction of small molecule bound to the NP that is detected 
by the NMR experiment, and results in a progressive shift of the 
small molecule NMR spectrum toward the free state (Figure 1b). 
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Figure 1. (a) NMR samples containing 10 mM PhOH and 1 wt % NP in the 
absence (left) and in the presence (right) of the gel matrix. Pictures were taken 
after one week and 6 months from sample preparation, respectively. (b) 1H-
NMR spectra of PhOH in the presence of 1 wt % NP were acquired 0 (red) 
and 30 (black) minutes after sample preparation. Samples were prepared in 
the absence (left) and in the presence (right) of the agarose gel matrix. 1H-
NMR spectra of (c) PhOH and (d) CA in the absence of gel (black), in the 
presence of the gel matrix (green) and in the presence of the gel matrix and 1 
wt % NP (red). The spectrum acquired for PhOH in the presence of agarose 
and NP is multiplied by 1.5 in the figure. NMR signals used for the analysis of 
1H-DEST and 1H-RD profiles are labeled according to the numbering scheme 
reported in SI, Figure S1. (e) Increase in 1H-R2 rate (ΔR2) upon addition of the 
agarose gel matrix (𝚫𝚫𝑹𝑹𝟐𝟐
𝒈𝒈𝒈𝒈𝒈𝒈, black circles) and of the agarose gel matrix and 1 
wt % NP (𝚫𝚫𝑹𝑹𝟐𝟐𝑵𝑵𝑵𝑵, red circles) to 10 mM CA (left) and PhOH (right).  
The rate of sedimentation depends strongly on sample 
conditions. Indeed, the presence of moderate amounts (≥ 20 
mM) of buffer (Tris-HCl, or phosphate at pH 7.4) and/or NaCl 
resulted in complete sedimentation of ceria in less than 30 
minutes at room temperature. Samples prepared in the absence 
of buffer and salts are more stable: complete ceria 
sedimentation is achieved after ~1 hour or ~1 week when 1 wt % 
NP is added to 10 mM CA (final pH = 10.0) or PhOH (final pH = 
7.0), respectively. However, even in the case of the PhOH 
sample, for which NP sedimentation can be detected by visual 
inspection only after 2 days, the effects of sedimentation on the 
NMR spectra manifest on a much shorter time. Indeed, the data 
reported in Figure 1b show that ~15% increase in signal intensity 
is observed ~30 minutes after addition of NP to a 10 mM PhOH 
solution. Such dramatic change in spectral properties over time 
hampers acquisition of extensive and consistent sets of DEST 
and RD data to study small molecule binding to ceria.  
In order to limit NP sedimentation, we have prepared NMR 
samples containing 10 mM PhOH or CA and 1 wt % NP in a 1 wt 
% agarose gel matrix (SI, Methods). Having a pore distribution in 
the 100-500 nm range,[15] the gel matrix keeps the NP in 
suspension (Figure 1a), and allows acquisition of reproducible 
NMR spectra for more than 30 days (Figure 1b). In addition, very 
weak signals originating from the gel matrix are detected in 1D 
proton spectra (SI, Figure S3), which reduces the chance of 
signal overlap with the analyte of interest. Importantly, in the 
absence of NP, the gel matrix does not perturb the 1H-NMR 
spectra of PhOH and CA (Figures 1c,d), and the Δ𝑅𝑅2
𝑔𝑔𝑔𝑔𝑔𝑔 values, 
measured as the increase in transverse relaxation rate (𝑅𝑅2 ) 
caused by incorporating the small molecules in the agarose gel 
(Δ𝑅𝑅2
𝑔𝑔𝑔𝑔𝑔𝑔 =  𝑅𝑅2𝑔𝑔𝑔𝑔𝑔𝑔 −  𝑅𝑅2𝑤𝑤𝑤𝑤𝑤𝑤𝑔𝑔𝑤𝑤), ~ 0 for all the analyzed NMR signals 
(Figure 1e). These findings indicate the absence of interactions 
between the investigated small molecules and the gel matrix. On 
the other hand, Δ𝑅𝑅2𝑁𝑁𝑁𝑁 values (i.e. the increase in 𝑅𝑅2  caused by 
adding NP to the small molecule in the gel matrix; 𝑅𝑅2
𝑔𝑔𝑔𝑔𝑔𝑔+𝑁𝑁𝑁𝑁 − 𝑅𝑅2𝑔𝑔𝑔𝑔𝑔𝑔) larger than 0 were measured for small molecule samples 
prepared with 1 wt % agarose and 1 wt % NP (Figure 1e), which 
reflects the interaction of PhOH and CA with the large and 
slowly tumbling NP. Addressing whether the gel matrix affects 
the binding properties of the NP surface is an important, but not 
trivial task. Indeed, in the absence of agarose, the fast 
sedimentation of ceria does not permit to accurately describe the 
binding of CA and PhOH to the NP surface. However, for the 
PhOH/NP system (for which NP sedimentation in the absence of 
the gel matrix is slow), we observe very good agreement 
between 1H-DEST data collected in the absence and in the 
presence of agarose within ~60 minutes from sample 
preparation (SI, Figure S4). This finding suggests that the NP 
surface displays similar PhOH binding properties when in water 
or suspended into the gel matrix. 
 
Figure 2. (a) 1H-DEST profiles for H12 and Hmeta positions of CA (left) and 
PhOH (right), respectively. Data were acquired on 800 (top) and 600 (bottom) 
MHz spectrometers. Experimental data are shown as circles. DEST profiles 
simulated from the best fit parameters (see main text) are shown as solid 
lines. Color code: 0 wt % NP and 300 Hz saturation field, black; 1 wt % NP 
and 150 Hz saturation field, red; 1 wt % NP and 300 Hz saturation field, blue. 
The complete set of 1H-DEST profiles is shown in SI, Figures S5 and S6. (b) 
1H-RD profiles for H12 and Hmeta positions of CA (left) and PhOH (right), 
respectively. Experimental data are shown as circles. RD profiles simulated 
from the best fit parameters (see main text) are shown as solid lines. Color 
code: 0 wt % NP and 600 MHz spectrometer, black; 1 wt % NP and 600 MHz 
spectrometer, blue; 1 wt % NP and 800 MHz spectrometer, red. The complete 
set of 1H-RD profiles is shown in SI, Figures S7 and S8. 
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Binding of PhOH and CA to the surface of ceria NP’s was 
investigated by 1H-DEST and 1H-RD experiments. Figure 2a 
shows examples of DEST profiles measured for the NMR 
signals of H12 and Hmeta of CA and PhOH, respectively, at 
different spectrometer frequency (600 and 800 MHz) and 
different saturation field strength (150 and 300 Hz). The full set 
of DEST data is shown in SI (Figures S5 and S6). Addition of NP 
to CA and PhOH samples results in a broadening of the DEST 
profiles (Figure 2a), indicating the presence of high molecular 
weight small molecule-NP adducts in exchange with the free 
ligands. Interestingly, only a small increase in the width of the 
DEST profile is observed for CA upon addition of ceria, 
suggesting that this molecule interacts weakly with the NP. On 
the contrary, the very broad “wings” in the DEST profiles 
measured for PhOH (SI, Figure S6) suggests that the 
association of PhOH with the NP has a much longer lifetime.[8a, 
12] 
The existence of small molecule-NP interactions was confirmed 
by 1H-RD experiments (Figure 2b and SI, Figures S7 and S8) 
acquired using a modified Carr-Purcell-Meinboom-Gill (CPMG) 
scheme that suppresses modulations from scalar couplings.[16] If 
a small molecule is in exchange on the µs-ms timescale 
between the free state (characterized by small R2) and the NP-
bound state (characterized by large R2), and the free and bound 
states have different proton chemical shifts, the shape of the 1H-
RD profiles (Figure 2b) measured for the small molecule NMR 
signals will be affected by the exchange. At high CPMG field, the 
observed R2 rate will be enhanced by lifetime line broadening 
(𝑅𝑅2𝑜𝑜𝑜𝑜𝑜𝑜 =  𝑅𝑅2𝑓𝑓𝑤𝑤𝑔𝑔𝑔𝑔 +  𝑅𝑅𝑔𝑔𝑔𝑔𝑜𝑜 , where 𝑅𝑅2𝑓𝑓𝑤𝑤𝑔𝑔𝑔𝑔  is the 𝑅𝑅2  in the absence of 
NP and 𝑅𝑅𝑔𝑔𝑔𝑔𝑜𝑜 is lifetime line broadening).[10] At low CPMG fields, 
the observed R2 rate will be enhanced by both lifetime line 
broadening and chemical exchange contribution to R2 (𝑅𝑅2𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑅𝑅2𝑓𝑓𝑤𝑤𝑔𝑔𝑔𝑔 + 𝑅𝑅𝑔𝑔𝑔𝑔𝑜𝑜 +  𝑅𝑅𝑔𝑔𝑒𝑒 , where 𝑅𝑅𝑔𝑔𝑒𝑒  is the exchange contribution to 
the relaxation rate).[10] Increasing the CPMG field results in a 
progressive suppression of 𝑅𝑅𝑔𝑔𝑒𝑒  and a decrease in R2 (which 
value levels off when 𝑅𝑅𝑔𝑔𝑒𝑒 is fully suppressed by the CPMG field) 
that introduce a curvature (dispersion) in the RD profile. In the 
absence of NP, the R2 rates measured for CA and PhOH are 
independent of the CPMG field (Figure 2b), consistent with the 
absence of small molecule-NP interactions. Conversely, 
samples prepared in the presence of 1 wt % NP display clear 
relaxation dispersion (i.e. 𝑅𝑅𝑔𝑔𝑒𝑒 > 0) and 𝑅𝑅𝑔𝑔𝑔𝑔𝑜𝑜  > 0 (i.e. R2 at high 
CPMG filed is higher for the NP containing sample). 
The data from the 1H-DEST and 1H-RD experiments were 
analyzed simultaneously using a two- or three-site exchange 
model (Figure 3) in which all the experimental observables are 
described by solutions to the McConnell equations (SI, 
Methods).[10, 17] For each small molecule, global nonlinear least-
square fitting was carried out by optimizing the values of two (pF, 
kRF) and five (pF, pR, kRF, kBR, kBF) global parameters for the two- 
and three-site exchange, respectively (Figure 3). Proton R2 rates 
and chemical shift changes upon binding (Δ) were treated as 
peak-specific parameters. The best-fit parameters are reported 
in Tables S1 and S2 (SI) for CA and PhOH, respectively, and 
are summarized in Figure 3. The agreement between the 
experimental and back calculated DEST and RD profiles is 
shown in Figures 2 and S5-S8 (SI). CA binding to ceria is fully 
described by a two-site exchange model involving the free state 
(population, pF, ~ 96 %, and average R2 ~ 3 s-1) and a NP-
associated state with population ~ 4 % and average R2 ~ 60 s-1. 
Using the Stoke's law and approximating the NP to a sphere of 
100 nm radius, an effective correlation time (𝜏𝜏𝑔𝑔𝑓𝑓𝑓𝑓 = 1/[1/ 𝜏𝜏𝑐𝑐 + 𝑘𝑘𝐹𝐹𝐹𝐹𝑤𝑤𝑎𝑎𝑎𝑎+𝑘𝑘𝐹𝐹𝐹𝐹],[13b] where 𝜏𝜏𝑐𝑐  is the correlation time of the NP) of 
~150 µs can be calculated in water at 25°C for a rigid CA-NP 
adduct, which would translate into an R2 in the tens of thousands 
s-1 for a pair of isolated 1H nuclei located 2.5 Å apart that 
undergo dipolar relaxation. The fact that CA in the NP-
associated state has an R2 that is three orders of magnitude 
smaller than the R2 simulated for a rigid CA-NP adduct indicates 
that residual degrees of rotational diffusion increase the mobility 
of the small molecule associated to the NP surface, therefore 
decreasing its 𝜏𝜏𝑔𝑔𝑓𝑓𝑓𝑓. In this weakly associated state, CA does not 
form a rigid adduct with the NP, but its rotational diffusion is only 
marginally restricted compared to the free state (Figure 3). We 
refer to such “dynamic” small molecule-NP association as the 
“restricted state”, as opposed to a rigidly bound species. The ζ-
potential measured for the NP at pH 10.0 (corresponding to the 
pH of the NMR sample containing CA and NP) is -1.6 (SI, 
Methods), suggesting that formation of the restricted state is 
likely driven by hydrophobic and/or hydrogen-bonding 
interactions between CA and the NP surface. 
 
Figure 3. (a) The 1H-DEST and 1H-RD data measured for CA in the presence 
of 1 wt % NP are interpreted using a two-site exchange model. The NP-
associated state forms weak interaction with ceria (see main text) and is 
referred to as “restricted state”. (b) The 1H-DEST and 1H-RD data measured 
for PhOH in the presence of 1 wt % NP are interpreted using a three-site 
exchange model. The NP-associated state exists as a combination of 
restricted and bound states (see main text). The NP is represented as a yellow 
square. The small molecule is shown as blue oblate ellipsoid. Transparent 
blue oblate ellipsoids are used to indicate rotational diffusion of the small 
molecule. Solid and dashed red lines represent strong and weak interactions, 
respectively. Rate constants for each equilibrium (𝑘𝑘𝑒𝑒𝑥𝑥, where x and y are the 
states in thermodynamic equilibrium; 𝑘𝑘𝑒𝑒𝑥𝑥
𝑤𝑤𝑎𝑎𝑎𝑎  indicates the apparent rate 
constant) and populations of each state (pF, pR and pB for the free, restricted 
and bound states, respectively) were fit as global parameters. R2 rates for 
each state and chemical shift changes associated with each equilibrium were 
fit as peak specific parameters (see SI, Methods). Best fit parameters are 
shown. For the R2 rate of each state, the average over the analyzed NMR 
peaks is reported. The fit reveals that the free and bound states of PhOH are 
not kinetically connected ( 𝑘𝑘𝐹𝐹𝐹𝐹
𝑤𝑤𝑎𝑎𝑎𝑎 =  𝑘𝑘𝐹𝐹𝐹𝐹 = 0 ). A full report of the fitted 
parameters is shown in SI, Tables S1 and S2 for CA and PhOH, respectively. 
Results for the individual, atom-based fits of the 1H-DEST and 1H-RD data are 
shown in Figure SX (SI). 
 
1H-DEST data acquired for PhOH in the presence of 1 wt % NP 
cannot be fit using the two-site exchange model employed for 
CA (SI, Figures S6), but a three-site exchange has to be invoked 
in order to fully account for the experimental DEST and RD 
profiles (Figure 2 and SI, Figures S6 and S8). The three states 
have average R2’s of ~0.3, ~90, and ~10,000 s-1, and represent 
the free, restricted and rigidly bound states, respectively (Figure 
3 and SI, Table S2). Interestingly, the analysis of the DEST and 
RD data reveals that there is no direct communication between 
the free and rigidly bound states (i.e. 𝑘𝑘𝐹𝐹𝐹𝐹
𝑤𝑤𝑎𝑎𝑎𝑎 = 𝑘𝑘𝐹𝐹𝐹𝐹 = 0; SI, Table 
S2), and that the restricted state is a weakly associated 
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intermediate on the pathway describing PhOH binding to ceria. 
Given the neutral electric charge of the NP surface at pH 7.0 (ζ-
potential ~ 1.7 mV – SI, Methods), formation of the restricted 
state is likely driven by hydrophobic and/or hydrogen-bonding 
interactions between PhOH and NP. On the other hand, the 
tightly bound state might be the result of the interaction of the 
phenolic oxygen with a cerium atom from the NP surface.[6b] 
Establishment of this rigidly associated PhOH/NP adduct 
mediates PhOH activation and is an essential step in PhOH 
hydrogenation catalyzed by Pd supported on ceria NP.[6b] 
However, assessment of the role played by the equilibrium 
between the restricted and rigidly bound state in heterogeneous 
catalytic hydrogenation of PhOH is beyond the scope of the 
present work and will be the subject of future investigations. 
In summary, we have shown that preparing nanoparticle 
samples in aqueous gels is a convenient strategy to avoid 
nanoparticle sedimentation for extended periods of time (up to 
several months), and allows acquisition of extensive sets of 
solution NMR experiments for investigating the thermodynamics 
and kinetics of binding to a NP surface. Interestingly, using this 
approach we have detected a motionally restricted intermediate 
state in PhOH binding to ceria NP, demonstrating that the 
method is capable to provide detailed mechanistic insights into 
surface adsorption processes. Agarose seems an ideal choice 
as the gel matrix since it is easy to prepare and does not 
introduce additional NMR signals. Most importantly, our data 
indicate that the agarose gel is an inert matrix that does not 
have detectable interactions with organic compounds (i.e. CA 
and PhOH) or proteins (i.e. ubiquitin; SI, Figure S10), and does 
not perturb small molecule binding to the surface of the ceria NP 
tested in this study. Preparation of homogeneous and stable 
samples is crucial for highly quantitative NMR measurements, 
especially for insensitive experiments that require extensive 
signal averaging (i.e. NMR experiments involving nuclei with low 
gyromagnetic ratio). We expect the use of aqueous gels to 
expand considerably the portfolio of NMR methods applicable to 
the characterization of NP’s in solution, and to become a very 
valuable tool in understanding and guiding NP engineering. 
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